Several factors that modulate migraine, a common primary headache disorder, also affect susceptibility to cortical spreading depolarization (CSD). CSD is a wave of neuronal and glial depolarization and thought to underlie the migraine aura and possibly headache. Here, we tested whether caffeine, known to alleviate or trigger headache after acute exposure or chronic use/withdrawal, respectively, modulates CSD. We injected C57BL/6J mice with caffeine (30, 60, or 120 mg/kg; i.p.) once (acute) or twice per day for one or two weeks (chronic). Susceptibility to CSD was evaluated by measuring the electrical CSD threshold and by assessing KCl-induced CSD. Simultaneous laser Doppler flowmetry was used to assess CSD-induced cortical blood flow changes. Recordings were performed 15 min after caffeine/vehicle administration, or 24 h after the last dose of chronic caffeine in the withdrawal group. The latter paradigm was also tested in mice carrying the familial hemiplegic migraine type 1 R192Q missense mutation, considered a valid migraine model. Neither acute/chronic administration nor withdrawal of caffeine affected CSD susceptibility or related cortical blood flow changes, either in WT or R192Q mice. Hence, adverse or beneficial effects of caffeine on headache seem unrelated to CSD pathophysiology, consistent with the non-migrainous clinical presentation of caffeine-related headache.
Introduction
Migraine is a severe common episodic primary headache disorder characterized by recurrent attacks of throbbing unilateral head pain that is accompanied by vomiting, nausea, photophobia and phonophobia and typically lasts between 4 and 72 h. 1 In onethird of patients, headaches are preceded by focal neurological symptoms, the so-called migraine aura. Human imaging studies and animal experiments suggest that cortical spreading depolarization (CSD) is the electrophysiologic event underlying migraine aura. 2, 3 CSD is an intense wave of neuronal and glial depolarization, slowly propagating through cortical gray matter. Various factors known to modulate migraine also affect the susceptibility to CSD in experimental animal models. For instance, migraine prophylactic drugs suppress CSD susceptibility, 4 whereas female gonadal hormones 6, 7 and human gene mutations causing migraine-associated syndromes 5 increase CSD susceptibility. The importance of CSD in migraine pathophysiology is underscored by accumulating evidence that CSD can activate headache mechanisms, [8] [9] [10] at least in experimental animal models.
Caffeine is the most widely used psychostimulant drug; over 87% of the US population consumes caffeine every day, with about 30% ingesting over 500 mg/day. 11 Average daily caffeine consumption is around 70 mg, which corresponds to one large cup of coffee. 12 The relation between caffeine and headache is not straightforward. Notably, acute administration of caffeine can resolve headaches 13 and increase the efficacy of analgesics to treat tension-type headache or migraine, 14 whereas chronic caffeine exposure is known to cause headache, in particular when the subject is female and young. 15 In a population-based study, patients with chronic daily headache were more likely to have high caffeine consumption before onset of chronic daily headache in comparison with episodic headache controls. 15 In a large cross-sectional study with 50,483 participants high caffeine consumption was associated with an increased prevalence of infrequent headache. 16 Similarly, withdrawal from caffeine has been shown to produce headache under placebocontrolled double-blind conditions. 17 Here, we used electrocortical recording with simultaneous laser Doppler flow measurement to investigate whether acute or chronic administration of or withdrawal from caffeine in wild-type (WT) C57BL/6 J and familial hemiplegic migraine 1 (FHM1) R192Q mice affects susceptibility to CSD, which may shed light on how caffeine exerts its clinical effect on headache.
Materials and methods

Experimental animals
All experimental procedures were carried out in accordance with the Guide for Care and Use of Laboratory Animals (NIH Publication No. 1996) and were approved by the institutional review board (MGH Subcommittee on Research Animal Care, SRAC). Experiments have been reported in compliance with the ARRIVE guidelines. In total, 124 female mice were used, 112 adult (2 and 6 months of age) WT C57BL/6 J mice (Charles River Laboratories) for acute and chronic caffeine administration as well as caffeine withdrawal and 12 adult (same age range as for WT) FHM1 R192Q mutant mice for caffeine withdrawal. In addition, three WT mice and one R192Q mutant mouse were used but excluded from further investigation because of failed surgery. As CSD susceptibility is higher in young adult female compared to male R192Q mutant mice, 6 we decided to study only female mice.
Experimental timeline and treatment
Caffeine was administered via intraperitoneal (i.p.) injection according to the following paradigms. (a) Acute administration: single dose of 30, 60 or 120 mg/kg, equivalent to 2, 5 and 10 cups of coffee in humans. 18 CSD recording was performed 15 min after caffeine administration; (b) Chronic administration: twice a day for one or two weeks, 19 with a dose of 60, 120, or 240 mg/kg/day. CSD recording was performed 15 min after the last dose of caffeine in the chronic group, or (c) 24 h after the last dose of the one-week chronic treatment in the withdrawal group. Protocols build on the notion that caffeine reaches its maximal plasma level, in humans, about 30 min after administration; caffeine is eliminated by the liver with an average plasma half-life of approximately 3-6 h. 20 In mice, the half-life is 40-60 min with complete elimination after 4-5 h. 21 Saline was used as vehicle for all groups. No gross weight loss or mortality occurred during the treatment period. All experiments were carried out with the investigator blinded to genotype and treatment.
Electrophysiological recordings
The femoral artery was catheterized for blood sampling and for measurement of the mean arterial pressure, and the trachea was intubated for mechanical ventilation under inhalational isoflurane (2.5% induction, 1% maintenance, in 70% N 2 O/30% O 2 ) or intraperitoneal urethane anesthesia (1.3-1.5 g/kg). Arterial blood gases and pH were measured every 20 min and maintained within normal limits by adjusting ventilation during the $90 min experiment. Mice were placed in a stereotaxic frame and three burr holes were drilled in the skull at coordinates as described previously. 22 Two glass capillary microelectrodes were placed at a cortical depth of 300 mm to record extracellular direct current (DC) potentials and an electrocorticogram. After surgical preparation, the cortex was allowed to recover for 20 min under saline irrigation. In each hemisphere, first, the electrical CSD threshold was determined using a stimulus isolator (A385, WPI, Sarasota, FL, USA) and a bipolar stimulation electrode (400 mm tip diameter; Frederick Haer Company, Bowdoin, ME, USA) placed in the occipital cortex. Single pulses of increasing duration and intensity (0.2-900 mC) were applied at 3-min intervals, until a CSD was observed. 5 To investigate a possible effect of pharmacokinetic changes of caffeine on CSD along the time course after administration, electrical thresholds of the two hemispheres were studied consecutively. After confirming no difference between electrical thresholds of both hemispheres, we averaged results of the bilateral hemispheres. Following the assessment of the electrical thresholds, we moved back to the already recovered first hemisphere to assess the frequency of CSDs during continuous application of 300 mM KCl as described previously. 6 The amplitude, propagation speed, and duration at half-amplitude of the first CSD in each hemisphere were measured as secondary endpoints.
Laser Doppler flowmetry to assess cortical blood flow
Regional cerebral blood flow (CBF) was recorded using laser Doppler flowmetry (LDF) (PF2, Perimed, Jarfalla, Sweden). The LDF probe (0.48-mm tip diameter) was placed immediately proximal to the proximal glass micropipette, and away from large vessels. The amplitudes of CBF changes, expressed as % of initial baseline prior to the onset of the CSD and plotted as a function of time, were measured at 5-s intervals, with time 0 indicating the inflection point of initial hypoperfusion. Data from the first and second CSD were used for analysis.
Measurement of caffeine plasma levels
Whole blood was collected via cardiac puncture 10 min after injection of 60 or 120 mg/kg caffeine in EDTAcoated microtainers (n ¼ 4 for each dose). Blood plasma was separated by centrifugation and supernatants were collected. Plasma samples were diluted 1000-fold with phosphate-buffered saline and caffeine concentrations were determined using a commercial kit (Neogen, Lansing, MI, USA), according to manufacturer instructions. Briefly, 20 mL of caffeine standards from 200 ng/mL to 0.39 ng/mL or diluted plasma samples were added to the coated plate in duplicate. Enzyme conjugate stock solution was diluted 1 to 180 times with the provided EIA buffer, and 180 mL was added to each well. Next, 150 mL of K-Blue Substrate was added to each well. The reaction was terminated after 30-min incubation by the addition of 50 mL Red Stop solution. The absorbance was immediately measured using a plate reader (Victor, Perkin Elmer, Waltham, MA, USA) set to a wavelength of 650 nm, and caffeine concentrations were determined using the standard curve.
Statistics
The primary endpoint of the study was to investigate the effect of caffeine (acute exposure, chronic exposure, withdrawal) on CSD susceptibility (electrical threshold and frequency of CSD upon continuous topical KCl). The secondary endpoints were the effects of caffeine on propagation speed, duration of CSD, and CSD-associated cortical blood flow changes. Data were analyzed using SPSS (v11.0), and presented as mean AE standard deviation, or median (interquartile range). Using a general linear model approach, we tested for an effect of the independent variables treatment type (caffeine vs. vehicle) and paradigm (acute vs. chronic vs. withdrawal) on the dependent variables CSD frequency, CSD propagation speed, and CSD duration. CSD threshold was compared between treatment groups using the non-parametric Mann-Whitney U-test. Other electrophysiological measures of CSD and systemic physiological data were compared among groups using one-way analysis of variance (ANOVA). For the analysis of the effect of caffeine on cortical blood flow response to CSD, general linear models for repeated measures were used to compare mean values over time according to treatment groups. The number of animals used per group was based on previous studies. 22 For the frequency of CSD, we considered an at least 30% reduction of CSD frequency to be meaningful. For electrical threshold, we assumed the minimum significant difference of electrical threshold to be 2-fold. With such effect sizes, an estimated sample size of four to eight per group is expected to have a statistical power of approximately 95% when using non-parametric tests. P-values are two-tailed, and a p < 0.05 was considered statistically significant.
Results
Acute administration of caffeine in mice produced plasma levels that were similar to those reported previously (Supplemental Figure 1) . 20, 23 Acute administration of vehicle or a single dose of caffeine (0, 30, 60, or 120 mg/kg) did not affect the electrical threshold for CSD in WT C57BL/6 J mice with a median (in mC) of 150.00, 50.10, 47.50 and 57.50, respectively (Figure 1 ). Chronic administration of caffeine (240 mg/kg/day for one week) also did not affect the electrical threshold for CSD in WT mice with a median (in mC) of 100.00 ( Figure 1 ). Caffeine withdrawal, 24 h after the last dose of the chronic exposure paradigm, i.e. with vehicle, 120 mg/kg/day or 240 mg/kg/day caffeine, did not affect the electrical CSD threshold with a median (in mC) of 40.00, 105.00, and 180.00, respectively (Figure 1 ).
Acute administration of caffeine also did not alter KCl-induced CSD. Acute administration of caffeine (0, 30, 60, or 120 mg/kg) had no effect on CSD frequency, measured as number of CSDs per hour (mean AE SD: 12 AE 2 vs. 12 AE 2 vs. 12 AE 2 vs. 10 AE 4, respectively). Chronic administration of caffeine (0, 60, 240 mg/kg/ day (one week), or 60 mg/kg/day (two weeks)) also did not alter CSD frequency (mean AE SD: 11 AE 3 vs. 12 AE 2 vs. 12 AE 3 vs. 13 AE 2, respectively). Similarly, Figure 1 . Caffeine does not affect the electrical threshold for cortical spreading depolarization in mice.(a) Single-squared pulses of increasing duration and intensity (2-900 mC) were applied at 3-min intervals, until a CSD was observed. The two hemispheres were studied consecutively to investigate a possible effect of pharmacokinetic changes of caffeine on CSD along the time course after administration. (b) Representative tracings of electrical threshold for CSD in each group, with ''V'' indicating electrical stimulus administration. (c) Whisker box plots show that acute (0 mg/kg n ¼ 9; 30 mg/kg n ¼ 9; 60 mg/kg n ¼ 9; 120 mg/kg n ¼ 10) or chronic (0 mg/kg/day n ¼ 10 (1 week); 240 mg/kg/day n ¼ 7 (1 week)) caffeine administration did not affect the electrical threshold for CSD. Similarly, caffeine withdrawal (0 mg/kg n ¼ 10; 120 mg/kg/day n ¼ 8 (1 week); 240 mg/kg/day n ¼ 8 (1 week)) had no effect on CSD threshold in C57BL/6 J mice (p > 0.05). The ends of the whiskers represent minimal and maximal data points. The horizontal lines within the box indicate the median, and the ''þ'' sign represents the mean. Open circles show individual data points. 30 mg/kg n ¼ 9; 60 mg/kg n ¼ 9; 120 mg/kg n ¼ 10) or chronic (0 mg/kg/day n ¼ 10 (1 week); 60 mg/kg/day n ¼ 5 (1); 240 mg/kg/day n ¼ 7 (1 week); 60 mg/kg/day n ¼ 5 (2 weeks)) caffeine administration did not affect CSD frequency. The results were not affected by the choice of anesthetic (isoflurane vs. urethane (n ¼ 7 per group)). Similarly, caffeine withdrawal (0 mg/kg/day n ¼ 10; 120 mg/kg/day n ¼ 8 (1 week); 240 mg/kg/day n ¼ 8 (1 week)) had no effect on CSD frequency in C57BL/6J mice (p > 0.05). The ends of the whiskers represent minimal and maximal data points. The horizontal lines within the box indicate the median, and the ''þ'' sign represents the mean. Open circles show individual data points.
withdrawal after chronic exposure with caffeine (0, 120 or 240 mg/kg/day) did not affect CSD frequency (mean AE SD: 12 AE 2 vs. 12 AE 2 vs. 14 AE 4, respectively) ( Figure 2 ). The peak change of CBF during CSD was not altered by caffeine; neither was the time needed to return to post-CSD baseline blood flow level (Figure 3) .
In FHM1 R192Q mutant mice, i.e. in mice with enhanced neuronal excitability and susceptibility to CSD, caffeine withdrawal also did not have an effect on the genetically low electrical threshold for CSD -the median threshold remained unchanged at 10.00 mC. Similarly, the KCl-induced CSD frequency of 16 AE 2 SD/h in the R192Q mutant mice, which is increased compared to WT mice (p ¼ 0.01), was not affected by caffeine withdrawal (14 AE 4 SD/h; see Figure 4 ).
Other characteristics, including the speed, the amplitude and the duration of CSD as well as systemic physiologic parameters, did also not differ between treatment groups (Table 1) .
Discussion
Using a multimodal approach of simultaneous electrocortical and laser Doppler recordings, we investigated the effect of caffeine on susceptibility to CSD, the electrophysiological correlate underlying migraine aura. In mice, neither acute exposure (single dose in WT), chronic treatment (one dose twice a day for one or two weeks in WT), or withdrawal of caffeine after chronic exposure (WT and FHM1 R192Q) affected susceptibility to CSD with any of the tested dosings; depending on the paradigm, 30, 60, 120 or 240 mg/kg/ day of caffeine was tested. No effect of caffeine was observed on the electrical threshold to induce a CSD, the frequency of CSD events upon continuous topical application of 300 mM KCl, the amplitude or propagation speed of CSD, or the CBF response to CSD.
Not finding an effect of the non-selective competitive adenosine receptor antagonist caffeine on CSD at first glance seems unexpected. After all, adenosine has been implicated in migraine pathophysiology because adenosine levels were shown to be elevated during migraine attacks, 24 an adenosine A 2A receptor gene haplotype was found to be associated with migraine with aura, 25 and administration of adenosine can precipitate migraine attacks. 24 Given that caffeine consumption has clinical effects on headache, we hypothesized that the underlying mechanism might involve modulation of neuronal activity with an effect on CSD susceptibility through action on adenosine A 1 and A 2A receptors. In fact, in a brain slice study, endogenous adenosine inhibits SD while A 1 receptor antagonists could reverse the effect. 26 Adenosine receptor activation is responsible for the prolonged depression of synaptic transmission after SD in brain slices in vivo, while inhibition of A 1 receptor antagonizes the effect. 27, 28 Acute caffeine administration reportedly has multiple effects on neuronal excitability, depending on the experimental paradigm. In Genetic Epilepsy Rats from Strasbourg, acute caffeine reduces spike-and-wave discharges, 29 and acute caffeine was found to decrease rhythmic metrazol activity in a rat model of human absence seizures. 30 In contrast, caffeine administration to the isolated cat cortex has been shown to produce convulsive discharges, 31 while caffeine did not affect cortical inhibition. 32 Also, no effect of caffeine was found on latency or amplitude of visual evoked potential. 33 When we tested the effect of caffeine on CSD susceptibility, caffeine did not inhibit CSD in WT mice, nor did it have an effect on CBF. Our findings suggest that acute exposure to caffeine exhibits beneficial clinical effects on headache via alternative mechanisms. Perhaps the beneficial effect of acute exposure to caffeine may involve analgesia by stimulation of D 2 or alpha-2 receptors, because adenosine antagonists such as caffeine increase dopamine and norepinephrine activity in the CNS, and reportedly increase D2/D3 receptor levels and their affinity in the CNS. 34 Chronic caffeine consumption has been shown to be associated with chronic episodic headache (p ¼ 0.01). 15 As underlying mechanism, we postulated that chronic caffeine treatment might enhance CSD susceptibility by increasing release of excitatory neurotransmitters. 35 Chronic caffeine consumption, i.e. adenosine antagonism, indeed induces compensatory mechanisms in the form of an increase in adenosine plasma levels 36 and up-regulation of adenosine receptors. Chronic exposure to caffeine produces a dose-dependent increase in A 2A receptor expression in the striatum of mice, and shifts low-affinity A 1 receptors to a high-affinity state. 37 However, we did not find an effect of chronic caffeine on CSD susceptibility or on CBF response during CSD. An alternative explanation for headache associated with chronic caffeine consumption might involve blockage of A 2A receptors at the trigeminal neuron that inhibit the release of pro-nociceptive calcitonin gene-related peptide. 38 During caffeine withdrawal after chronic exposure, the increased adenosine signal secondary to chronic caffeine exposure is not antagonized by caffeine anymore, thereby causing caffeine withdrawal headache that is relieved by re-exposure to caffeine. In a placebo-controlled double-blind trial of caffeine discontinuation, about 50% of the study subjects developed moderate to severe headache. 17 Caffeine withdrawal headache has been reported in persons consuming the equivalent of as little as one cup of coffee per day. 39 As R192Q mice exhibit a genetically enhanced CSD susceptibility and are particularly sensitive to migraine modulators 6 while being less susceptible to stimulation of adenosine receptors, 40 we tested whether withdrawal from caffeine has an effect on CSD in this group of mice, but no such effects were observed in this group either.
Several possible explanations may explain why caffeine did not affect CSD and related CBF changes, while exhibiting effects on headache in patients. These include pathophysiological and clinical considerations. First, the vascular and neuronal net effect of caffeine depends on the ratio of A 1 and A 2A receptors, receptor number and affinity in a specific brain area. 41 Indeed, levels of A 2A receptors responsible for the vasoconstrictive effect of caffeine are low in, for example, the frontal cortex where we performed CBF and CSD recordings. 42 With respect to CSD-induced changes of CBF, mice with a predominantly vasoconstrictive response to CSD -in contrast to rats and humansmight exhibit a less pronounced vasoconstrictive effect of caffeine. 33 Furthermore, caffeine normally acts as a respiratory stimulant causing a significant reduction in end-tidal carbon dioxide, 43 which was not the case in our experimental setting with controlled mechanical ventilation. Another technical limitation of our study relates to our animal model of CSD. Although electrical stimulation and 300 mM topical application as CSD triggers are the most established and routinely used methods to induce CSD, these triggers are not physiological and might cause minimal injury to the cortex. 44 Therefore, our study might have relevance for brain injury as well, even though the study was not designed to study this specifically. In fact, CSD is known to play an important role in brain injury, and caffeine has been found to be protective in traumatic brain injury in rodents 45 and perhaps in humans. 46 Our study may suggest that the protective effect of caffeine in cerebral injury might not be mediated through inhibition of injurious CSD or its associated CBF changes. Moreover, it should be mentioned that caffeine still could interfere with the true trigger condition of CSD in individuals who have migraine with aura as the current models are nonphysiological and far from ideal ones.
Clinically, chronic caffeine and its withdrawal cause headache of non-migrainous character. Chronic caffeine consumption has been associated with daily or nearly daily headache of dull pressure-like and bilateral character. 47 Similarly, caffeine withdrawal headache is ''symptom-poor'' headache, without typical migraine features such as throbbing or nausea, and CSD might therefore not be involved in its pathophysiology. 48 In summary, caffeine does not affect susceptibility to CSD in mice with the tested exposure paradigms. Despite clinical evidence of acute caffeine improving and chronic caffeine or caffeine withdrawal worsening headache, our data suggest caffeine affects headache without modulating susceptibility to the migraine trigger CSD.
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